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I n t r o d u c t i o n  

, The standard l i t e r a t u r e  (see C1 ark 1976, 1980; Anderson 1977; and references 

t h e r e i n )  on dynamic, d e t e r m i n i s t i c  f i s h e r y  o p t i m i z a t i o n  models has s t ressed the  

importance o f  t h e  d i scoun t  f a c t o r  ( l / l + i ,  where i i s  t h e  i n t e r e s t  r a t e )  i n  

determining opt imal ha rves t i ng  s t r a t e g i e s .  The d i scoun t  f a c t o r  has been 

emphasized because an opt imal ha rves t i ng  s t r a t e g y  depends con t inuous ly  on t h e  

d iscount  f a c t o r ,  and a s tock w i l l  be o p t i m a l l y  depleted i f  t h e  r a t e  o f  growth 

o f  t h e  popu la t i on  i s  l e s s  than t h e  r a t e  o f  d i scoun t  (Reed 1974; C l a r k  1976). 

Related r e s u l t s  have been es tab l i shed  f o r  s tochas t i c  ha rves t i ng  models (Reed 

1974; Mendelssohn 1980b; Mendelssohn and Sobel 1980), though i n  s t o c h a s t i c  

models a stock may become depleted even i f  i t  i s n ' t  harvested t o  dep le t i on .  

The presumed s e n s i t i v i t y  o f  an opt imal  ha rves t i ng  s t r a t e g y  t o  changes i n  

t h e  d i scoun t  f a c t o r  i s  impor tant  s ince  a standard procedure f o r  rep resen t ing  

increased r i s k  t o  a manager o f  a f i s h e r y  i n  face  of  u n c e r t a i n t y  i s  t o  decrease 

t h e  d i scoun t  f a c t o r .  Even a t  f i r s t  g lance t h i s  i s  a na i ve  approach, s ince  i t  

assumes a constant  a t t i t u d e  towards r i s k  regard less o f  t h e  i n i t i a l  p o p u l a t i o n  

s i z e  or harvest  dec is ion.  

What would appear t o  be a more soph is t i ca ted  approach towards r i s k  i s  t o  

assess t h e  manager's u t i l i t y  f u n c t i o n  and use t h i s  as t h e  o b j e c t i v e  func t i on .  

This  approach t o  managing f i s h e r i e s  and o the r  na tu ra l  resources i s  g i v e n  i n  

H i l b o r n  and Walters (1977), Keeney (1977), and H o l l i n g  (1978); a general 

d i scuss ion  can be found i n  Keeney and R a i f f a  (1976). 

I n  t h i s  paper, several  o f  these strands a r e  examined f o r  one emp i r i ca l  

s tochas t i c  model o f  a f i she ry .  I n  p a r t i c u l a r ,  t h e  actual  s e n s i t i v i t y  o f  an 

opt imal ha rves t i ng  s t r a t e g y  t o  changes i n  t h e  d i scoun t  f a c t o r  a re  compared t o  

i t s  s e n s i t i v i t y  t o  changes i n  t h e  degree o f  r i s k  ave rs ion  i n  t h e  u t i l i t y  

f unc t i on .  F u r t h e r  changes i n  the  popu la t i on  dynamics when f o l l o w i n g  an opt imal  
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harvesting policy are  examined as b o t h  the discount factor and the degree of 

r isk aversion vary. 

t o  changes in the discount factor over a range of values most 1 ikely t o  be 

found in practice; and ( 2 )  t h a t ,  while a discount factor adequately represents 

i ntertemporal preferences fo r  a certain d o l  1 ar now versus a cer ta in  (expected) 

dollar in the future,  i t  does n o t  adequately capture the intertemporal 

preference for  the gamble involved i n  o b t a i n i n g  an expected dol lar  i n  the 

future. Moreover, a s  will be shown, since risk-averse u t i l i t y  functions can be 

viewed as total  revenue curves w i t h  marginal price sensit ive t o  supply, the 

resu l t s  suggest t h a t  highly supply-sensitive prices will exert a s tabi l iz ing 

effect  on the optimal harvest of f i s h ,  when the fishery i s  assumed t o  be ei ther  

economically or  biologically stochastic. 

stochastic,  the usual assumption of perfect canpeti tion in fishery economic 

models and the lack of attention to  risk preferences l imit  the usefulness of 

the resu l t s  derived from these other models. 

The resu l t s  suggest t h a t  ( 1 )  pol icy often i s  insensit ive 

Since most i f  n o t  a l l  f i sher ies  are  

External decisions fo r  a f ishery,  such as entry decisions and enhancement 

projects, depend on the valuation of the fishery,  t h a t  i s  the discount factor 

used, the u t i l i t y  function chosen, and the sample-paths of the random harvest 

stream. The fishery manager usually can control only the l a s t  aspect. The 

resu l t s  o f  t h i s  paper suggest t h a t  under optimal management, external decisions 

will not  be strongly affected by t h i s  choice of policy. 

Finally, as the degree of risk-aversion increases, the amount  harvested i s  

n o t  s t r i c t l y  non-decreasing for  a l l  population sizes. 

contradiction w i t h  the resu l t s  of Cropper (1976);  however, an intui t ively 

appeal ing  explanation for  t h i s  resu l t  i s  given. 

This i s  seemingly i n  
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The Model 

The model t o  be analyzed i s  a s tochas t i c  ve rs ion  o f  a R icker  

spawner- recru i t  curve put  forward by Mathews (1967) f o r  salmon runs  i n  B r i s t o l  

Bay. 

observed and a d e c i s i o n  y i s  taken, a one-period u t i l i t y  g (x ,  y) i s  received. 

Without l o s s  o f  g e n e r a l i t y ,  g(x ,  y )  can be the  expected va lue (ove r  the  random 

v a r i a b l e  0)  o f  some o t h e r  u t i 1  i t y  h(  x, y, e ) .  Hence the  model i n d i r e c t l y  

inc ludes  economic unce r ta in t y .  

L e t  X t  be t h e  r e c r u i t s  i n  pe r iod  t, and yt t h e  spawners. If x i s  

the ta  

beta The u t i l i t y  i n  pe r iod  t i s  discounted by a f a c t o r  6, 0 - < B < 1. The 

r e c r u i t s  i n  pe r iod  t t l  are a random f u n c t i o n  o f  t he  spawners i n  pe r iod  t and a 

randan v a r i a b l e  d, 

(1) X t t l  = d 4.084 yt exp (-0.8 yt); I n  d Q N(0, ) 

The problem i s  t o  maximize t h e  expected discounted u t i l i t y :  

s.t. Xt - ' Y t  - ' 0; (1 ) .  

Computational techniques f o r  so l v ing  ( 2 )  and re1 ated p o l i c y  quest ions a re  

discussed in Mendelssohn (1980b). A 100-point  g r i d  i s  used w i t h  no absorbing 

(zero)  popu la t i on  s ize.  

TWO d i f f e r e n t  u t i l i t y  f u n c t i o n s  a re  examined f o r  g(x ,  y). The f i r s t  i s  

x 1 ambda 

'Fig. 1 0.25, 0.5, 0.75, 0.9, 0.95, 1.0. These u t i l i t y  f u n c t i o n s  are p l o t t e d  i n  F ig .  1. 

"1 = 0.5 l n ( x t  - y t )  w h i l e  t h e  second i s  v2 = ( x t  - yt) , f o r  X = 0.05, 0.1, 



4 

U t i l i t y  func t ions  a re  sa id  t o  be absolute r i s k  averse (Merton 1969, 1971; 

Keeney and R a i f f a  1976) i f  - u " ( z ) / u ' ( z )  > 0 f o r  a f u n c t i o n  u ( z ) .  The P r a t t  

measure of r e l a t i v e  r i s k  avers ion  i s  -u " (z )z /u '  ( z ) .  

f u n c t i o n  i s  r i s k  averse i f  a c e r t a i n  r e t u r n  i s  p re fe r red  t o  a l o t t e r y  w i t h  

equal o r  g r e a t e r  va lue i n  expectat ion.  

Bas ica l l y ,  a u t i l i t y  

The two u t i l i t y  func t ions  v1 and v2 are members o f  t he  HARA (hyperbo l i c  

absolute r i s k  averse) f a m i l y  o f  u t i l i t y  f u n c t i o n s  (Merton 1969, 1971). I n  

p a r t i c u l a r ,  if Rl i s  t h e  measure o f  absolute r i s k  aversion, and R2 i s  t h e  

measure of r e l a t i v e  r i s k  aversion, then f o r  vl, R1 = 0.5/z and R2 = 1; f o r  v2, 

R1 = (1- )/z and R2 = 1- , where z = x-y i s  t h e  amount harvested. Both v1 and 

v2 have constant  r e l a t i v e  r i s k  w i t h  respec t  t o  the  amount harvested. However, 

i t  i s  c l e a r  t h a t  t h e  r e l a t i v e  r i s k  avers ion  f o r  v2 changes l i n e a r l y  w i t h  A .  

Hence X i s  a measure o f  t h e  r e l a t i v e  degree o f  r i s k  aversion. 

approaching zero, t h e  manager i s  t o t a l l y  r i s k  averse, w h i l e  f o r  X = 1 t h e  

manager i s  r i s k  neu t ra l .  

l i m i t i n g  case of v2 as 

For  X 

The u t i l i t y  f u n c t i o n  v1 can be seen t o  be t h e  

approaches zero. 

The u t i l i t y  func t ions  v1 and v2 are  no t  as r i c h  as they  migh t  be g i ven  t h a t  

they  o n l y  depend on (x t ,  y t )  through zt = xt - yt. 

1 i t t l e  empi r i ca l  bas i s  f o r  choosing more compl icated u t i 1  i t y  f u n c t i o n s  t h a t  can 

be g iven meaningful ,  p r a c t i c a l  i n t e r p r e t a t i o n s .  

as t o t a l  revenue curves. Taking d e r i v a t i v e s  vl' = 0.5/z ( v 2 '  = A?- ' )  and 

vlI1 = -o .5/z2 (resp. A ( ~ - X ) Z ~ - ~ ) .  

f o r  a supply o f  z u n i t s  of  f i s h ,  w i t h  t h e  marginal  p r i c e  decreasing w i t h  

inc reas ing  supply. Therefore,  us ing  v1 and v2 as t h e  one-period u t i l i t y  

f u n c t i o n s  can be viewed as examining the  e f f e c t  o f  dropping the  usual economic 

assumption o f  p e r f e c t  canpe t i t i on .  

d e t a i l  i n  Mendelssohn and Sobel (1980). 

However, t h e r e  e x i s t s  

Both v1 and v2 can be viewed 

The f i r s t  d e r i v a t i v e  i s  t h e  marginal  p r i c e  

Th is  i s  t r e a t e d  a n a l y t i c a l l y  i n  some i n  
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Resu l ts  

Optimal harves t ing  pol  i c i e s  and opt imal  popul a t i o n  dynamics were c a l  cu l  ated 

f o r  b o t h  c lasses  o f  u t i l i t y  f u n c t i o n s  f o r  d iscount  f a c t o r s  o f  0.99, 0.95, 

0.925, 0.9, 0.85, 0.80, and 0.70. 

i n t e r e s t  r a t e s  of  1, 5.23, 8.1, 11.1, 17.65, 25, and 42.86%. Resu l ts  a re  shown 

o n l y  f o r  t h e  u t i l i t y  f unc t i on  v1 = 0.5 I n  (x -y )  and several  o f  t h e  extreme 

values o f  t h e  d iscount  f a c t o r .  

n e a r l y  i d e n t i c a l  as t o  those presented f o r  vl, and the  graphs change un i fo rm ly  

These d iscount  f a c t o r s  a re  equ iva len t  t o  

The r e s u l t s  us ing v2 w i t h  any va lue  o f  X are  

F ig.  2 w i t h  B ,  so t h e  graphs shown represent  t h e  extreme changes. Figs.  2 (a ) - (d )  

present  t h e  r e s u l t s .  

F ig .  2(a) shows an opt imal  harves t ing  s t ra tegy ,  and F g. 2(b)  shows t h e  

opt imal  number of spawners f o r  B = 0.99, 0.925, and 0.70. Besides t h e  f a c t  

t h a t  v i s u a l l y  t h e  curves a re  ext remely s i m i l a r ,  between B = 0.99 and B = 0.70 

t h e  graphs a r e  i d e n t i c a l  a t  50 out o f  100 s t a t e s  and d i f f e r  by o n l y  one-gr id  

p o i n t  a t  t h e  r e s t  of t h e  s tates.  Moreover, i t  can be shown t h a t  t h i s  r e s u l t  

remains v a l i d  f o r  much f i n e r  g r i d s ,  hence t h e  two p o l i c i e s  can be made t o  be 

extremely c l o s e  together .  

Fig.  2 (c )  shows t h e  long-run (e rgod ic )  popu la t ion  s i zes  as a rough measure 

o f  t h e  e f f e c t  each o f  t h e  opt imal  p o l i c i e s  has on the  popu la t ion  dynamics. 

There i s  a s l i g h t  s h i f t  t o  smal le r  popu la t ion  s izes  a s  B decreases. However, 

t h e  cumulat ive ergod ic  harvest  d i s t r i b u t i o n  f o r  t h e  t h r e e  opt imal  p o l i c i e s  a re  

v i r t u a l l y  i nd i s t i ngu ishab le .  
4. 
L 

Fig.  2(d)  shows an opt imal  va lue func t i on ,  C Bt - lv l ( t )  when s t a r t i n g  i n  
t=l 

each s ta te ,  f o r  B = 0.99 and B = 0.925. Despi te  t h e  f a c t  t h a t  almost i d e n t i c a l  

sample paths a r e  generated by t h e  two opt imal  harves t ing  s t ra teg ies ,  t h e  change 

i n  t h e  v a l u a t i o n  o f  t h e  sample paths i s  dramat ic.  
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There has been much discussion in the f isher ies  l i t e r a tu re  on the 

appropriate value of the discount factor (Wal t e r s  1975; C1 a rk  1976; Wal t e r s  and 

Hilborn 1976; Holling 1978). 

canponents--the discount factor t h a t  should be used by an  external agency such 

as  a government agency (say t o  compare the benefits derived from a stream 

enhancement project) or a private individual (when making a n  entry decision, 

for example) t o  evaluate the fishery,  and t h a t  used by the fishery manager t o  

se t  policy, bearing in mind the e f fec ts  harvest policy will have on the former 

decisions. 

fishery manager need not  worry greatly about  the exact choice of the discount 

factor used for  determining policy, and t h a t  t h i s  choice will have l i t t l e  

bearing on entry decisions or enhancement projects. 

optimal expected present value will be found over a broad range of discount 

factors  t h a t  might be used by the external agents. 

This discussion can be divided into two 

If the previous empirical resul ts  are robus t ,  they suggest t h a t  the 

This i s  because a nearly 

Figs. 3 (a) - (e )  show similar resu l t s  for  v2 with B = 0.95 and X = 1.00 and 

X = 0.05. Runs were performed for  x = 1, 0.95, 0.9, 0.8, 0.5, 0.25, and 0.05 

and for  different  values of 6 .  The resu l t s  were not sensit ive t o  the 

particular value of B used. 

curves for  X = 1.00 and X = 0.05 represent the extreme curves found. 

The resu l t s  changes uniformly with 1, hence the 

Fig. 3 ( a )  shows an optimal harvesting policy f o r  each of the two values of 

A. For X = 0.05, more i s  harvested a t  lower population sizes 

harvested a t  larger population sizes. The crossover point i s  

size of 1.89 x lo', which i s  where the equation d 4.082 y exp 

value equal t o  y = 1.89 x 10 . Thus in expectation, an  indiv 6 

while l e s s  i s  

a t  a population 

{-0.8 y }  has a 

dual j u s t  

replaces i t s e l f .  Fig. 3(b) shows an  optimal number of spawners. Fig. 3(c) 

shows the ergodic population densi t ies  when following the two optimal pol i.cies, 

and Fig. 3(d) shows the cumulative ergodic harvest dis t r ibut ions when following 
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the two optimal policies. 

much as 8%, and a t  the most l ike ly  harvest s izes ,  d i f f e r  by abou t  5-6%. These 

differences are small b u t  significant--the lower values of X can be seen t o  

produce a "smoother" harvest in the long r u n .  

The cumulative harvest dis t r ibut ions d i f f e r  by as 

These resu l t s  can best be explained by considering the economic 

interpretation of the u t i l i t y  functions. A t  X = 1, the price does n o t  vary 

with supply ( i n  fac t  i t  i s  p =1, which can be viewed as the normalized pr ice) ,  

therefore a harvest policy i s  based ent i re ly  on being as close as possible t o  

the point of largest  overall expected growth .  However, a t  X = 0.05, a t  low 

populations, the higher price (resp. the higher r isk)  makes i t  desirable t o  

harvest some now (resp. the r isk makes i t  desirable t o  obtain some amount of 

cer ta in  return now). 

between a desirable price and future growth .  

of X t + l  i s  l e s s  t h a n  yt. Harvesting more now lowers the present marginal price 

per unit of f i sh ,  b u t  increases the probability (resp. decreases the r isk)  of 

1 arger population s izes  next period (resp. of small, unprofitable harvests next 

period). 

A t  higher popul ation level s ,  a bal ance must be maintained 

For y - > 1.89, the expected value 

The problem of unsmooth harvests from random populations i s  discussed in 

Mendelssohn (1976, 1980a, 1980b), Beddington and May (1977) ,  and May e t  a l .  

(1978). These empirical resul ts  suggest t h a t  unsnooth harvests have been found 

i n  the past  because no e f for t  has been made t o  include e i ther  a t t i tudes towards 

r i sk ,  or marginal prices t h a t  are sensit ive t o  supply. A reasonable conjecture 

i s  t h a t  a l l  other things being equal, f o r  a properly managed random fishery,  

wider fluctuations in catch will be expected ei ther  i f  outside suppl  ies affect  

prices or i f  the en t i re  q u o t a  cannot be taken by the f lee t .  

smaller fluctuations will be expected when the marginal price i s  very 

Conversely, 

sensit ive t o  the supply of the managed stock of f ish only. Inventories 

- I- - -- ~-- - -1- - "  -I__- . 
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can be  viewed as an  outside supply t h a t  affects  price, and they should have a 

very destabil izing effect  i f  n o t  taken into account in sett ing management 

policy f o r  biologically random fisheries.  

in the salmon fishery in Alaska. 

This i s  precisely w h a t  has been seen 

The solution of problem ( 2 )  offers some insights into re la t ive  r isk 

aversion and planning horizons when optimal policies are  followed. 

because ( 2 )  can be solved by solving the following sequence of recursive 

equations : 

This i s  

where n denotes the number of periods remaining in the planning horizon. 

For problem ( Z ) ,  each f n ( - )  i s  concave and continuous (Mendelssohn and Sobel 

1980), and hence each i s  a r isk averse u t i l i t y .  Each fn (x )  i s  the u t i l i t y  of  

having x units of f ish when there are n periods l e f t  when following - an optimal 

POliC)!!. 

n periods remaining, and the two risk averse measures R1 and R 2  can be 

cal cul ated as n changes (derivatives are approximated by f i n i t e  differences). 

The measure R2 re f lec ts  the re la t ive  r isk aversion faced by the decisionmaker 

given the actual sample p a t h s  t h a t  will occur when following an optimal policy. 

Table 1 gives the values of R 2  f o r  several values of X and f o r  n = 2 ,  3,  ..., 
10. 

for  v2 ,  t h a t  i t  increases with n ,  and t h a t  i t  quickly becomes stationary a f t e r  

3-5 periods. 

decisiormaker. 

Hence f n ' ( x )  i s  the marginal value of one additional unit of f ish with 

Table 1 

What i s  noticeable i s  t h a t  the re la t ive  r isk f o r  f, i s  much l e s s  t h a n  t h a t  

An optimal harvesting policy reduces the re la t ive  r isk of the 

Moreover, the effect ive planning horizon for  these problems 
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appears t o  be 3-5 years, a f t e r  which b o t h  policy, r isk and preferences remain 

stationary . 
The measure of re la t ive  risk R 2  can be seen t o  be almost a measure of 

As a n  optimal e l a s t i c i t y  of the present marginal value of a unit of f ish.  

policy "smooths o u t "  the supply of f i sh ,  the e l a s t i c i ty  of the value per unit 

of f ish decreases. 

I n  conclusions, these resul t s  suggest t h a t  properly assessing a t t i  tudes 

towards r isk i s  more important t h a n  choosing an appropriate discount factor 

when managing a random fishery. 

in catch, and the e f fec ts  these fluctuations have on income, can lead t o  

mismanagment of f isher ies .  

Deterministic model s t h a t  ignore fluctuations 
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T a b l e  1. 

l e n g t h  when f o l l o w i n g  an opt imal  p o l i c y .  

Changes i n  r e l a t i v e  risk a v e r s i o n  w i t h  changes  i n  p l ann ing  h o r i z o n  
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Fig. 1 .  Graph of the different u t i l i t i e s  function. 
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